In plasma processing, UV photons generate damage deep in the bulk of transparent materials such as amorphous polymers and glass. In this article, we propose the use of total internal reflection fluorescence microscopy for the nondestructive and highly sensitive detection of UV-induced deep bulk damage and for the first time demonstrate the three-dimensional profiling of UV penetration and optical damage production inside amorphous perfluorocarbon films. Weak fluorescence from damaged molecules, whose original chemical structure was altered through bond breaking and reconstruction, was detected up to several hundred nanometers below the surface after exposure to argon plasma.
Introduction
Since the early days of plasma processing of microelectronic devices, plasma-induced damage has been a critical issue in improving device properties and/or reliability. Soon after the development of reactive ion etching [1, 2] , plasma-induced damage such as gate oxide breakdown due to charge build-up and lattice defects induced by high-energy ion bombardment were reported [3] [4] [5] . When magnetized high-density plasma etchers such as electron cyclotron resonance (ECR) plasma etchers and magnetically enhanced reactive ion etchers (MERIEs) came into practical use in the late 1980s, intensive researches were carried out to overcome the problem of gate oxide breakdown originating from the poor plasma uniformity over a wafer. In the 1990s, the charge build-up at the bottom of finely etched patterns during high-aspect-ratio contact (HARC) etching using high-density plasma caused serious problems in production lines because the distortion of the ion trajectory resulted in the degradation of etching features such as notching effects and etch stops [6] [7] [8] . Thus, plasma-induced damage has long been a problem in the history and progress of plasma processing.
As with electrical charge-up and ion bombardment, photons in the UV and especially in the vacuum ultraviolet (VUV) regions emitted from plasma also induce damage on device materials [9] [10] [11] [12] [13] [14] [15] [16] [17] . Although the number of reports on UV-induced damage in LSI fabrication is much smaller than those on damage induced by electrical charge-up and ion bombardment, the recent increase in the use of organic materials in electronic devices, e.g., for low-k dielectric barrier and flexible semiconductors, has highlighted the ever-growing importance of the study on UV-induced damage in plasma processing. Compared with other energetic particles in plasma such as ions and electrons, UV photons have a much larger depth of penetration into transparent materials and can induce defects in the bulk region several hundred nanometers below the surface [18] [19] [20] . In past studies, various analytical methods have been employed for the detection and characterization of plasma-induced damage, including X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy, and ellipsometry [4, [9] [10] [11] [12] [13] [14] 19, 20] . Indeed, these approaches are very useful for studying near-surface damage produced by ion bombardment, but not for detecting very slight damage generated deep in the bulk.
In this article, we report the nondestructive detection of UV-induced damage in the deep bulk of amorphous perfluorocarbon films exposed to argon plasma. Fluorescence originating from damaged molecules with modified chemical structures was detected using total internal reflection fluorescence microscopy (TIRFM) [21, 22] . Taking advantage of the extreme sensitivity and high spatial resolution of this technique, three-dimensional profiles of UV penetration and optical damage produced inside amorphous perfluorocarbon polymers were experimentally obtained for the first time.
Experimental Methods
Amorphous perfluorocarbon (Asahi Glass Cytop™ CTX-809AP2) films were used as samples. This polymer, synthesized from perfluoro-4-vinyloxy-1-butene via radical polymerization reaction, has high optical transparency, low autofluorescence in the visible and near-UV regions (absorption edge is approximately 170 nm) [23] and a very low refractive index [24] , and hence, it is used as polymer optical fibers and antireflection films in display panels [25] . In addition, such excellent optical properties make the amorphous perfluorocarbon an attractive material for biodevices especially for bioimaging or optical biosensing applications [26] [27] [28] [29] [30] . In this study, the films were spin-coated on borosilicate glass substrates of 18×18 mm 2 area and 0.15 mm thickness. The film thickness was varied from 200 to 800 nm by controlling the spin speed. Unless otherwise stated, it was set at 200 nm in this study.
In the plasma exposure experiment, we employed an in-house-made plasma reactor comprising a plasma source with a single-turn antenna wound around a 100-mm-diameter quartz bell jar, a stainless steel diffusion chamber and a turbomolecular pump for the exhaust system. A water-cooled sample stage was set downstream, 95 mm from an rf antenna. The 13.56 MHz rf power, total pressure, and sample temperature were kept at 40 W, 4 Pa, and below 323 K, respectively. The positive ion saturation current was measured to be 1.4 mA/cm 2 under these conditions. To examine the effect of VUV photons from argon plasma on damage deep in the bulk, some of the samples were covered with a 1-mm-thick synthetic quartz window with high transparency over a wide wavelength range from 170 nm to 2.6 m without absorption bands (Shin-Etsu Quartz Products SUPRASIL-P30), as shown in Fig. 1 . Fig. 1 . 200-nm-thick amorphous perfluorocarbon films were exposed to argon plasma. (i) A polymer film was directly exposed to argon plasma. (ii) The quartz window prevented exposure to VUV photons of a wavelength shorter than 170 nm. Figure 2 shows a schematic of the experimental setup used for damage detection in the plasma-treated polymer films. Using an objective-lens-type TIRFM, the rear surface of the polymer film was illuminated with an evanescent light field, which is generated by the total reflection at the polymer/glass interface. The excitation volume was typically restricted within 100-200 nm in the direction perpendicular to the focal plane, and hence, ultrahigh signal-to-noise ratio was realized. The TIRFM system comprised an inverted fluorescence microscope (Olympus IX-71), an objective lens of 1.45 numerical aperture (Olympus UApo 150×OTIRF), a 488 nm laser source (Coherent Sapphire 488 LP-75-P), a 520/35-nm band-pass emission filter (Semrock FF01-520/35-25) and an electron multiplying charge-coupled device (EMCCD) camera (Hamamatsu Photonics C9100-13). In addition, a spectral imaging unit (Applied Spectral Imaging SpectraCube) was used to measure the fluorescence spectra of the samples. In the spectral imaging experiment, a 488 nm notch filter (Semrock NF03-488E-2) was used instead of an emission filter. Fig. 2 . Schematic illustration of UV-induced damage detection using objective-lens-type TIRFM. The rear surface of the polymer film was illuminated with an evanescent light field propagating along the glass/polymer interface. An allow labeled l represents the origin and the positive direction for distance from the top surface as mentioned in Fig. 5 . Fluorescence signals emitted from damaged molecules were recorded using a highly sensitive EMCCD camera.
Results and Discussion
Perfluorocarbon films directly exposed to argon plasma exhibited stronger fluorescence than the nonexposed control, which indicates the generation of optically active damage during the plasma treatment. As shown in Fig. 3 , the average fluorescence intensity from the films increased linearly with an increase in plasma exposure time up to approximately 300 s and then showed saturation before decreasing. Similar results were also observed when fluorescence was excited with light of different wavelength i.e., 532 nm and 635 nm, as reported elsewhere [31] . We found that the linear increase in intensity is observed for a longer exposure time when the energy of excitation light becomes higher. This implies that the saturation phenomenon is not due to the saturation of the number of generated fluorophores, i.e., optically active damage, but is due to concentration quenching effect. From these results, the fluorescence intensity is considered to be proportional to the amount of plasma-induced damage and is expected to give a relative measure of plasma-induced damage as long as concentration quenching does not occur. Since the penetration depth of low-energy ions or radicals are known to be limited to near-surface layers, deep bulk damages observed in Fig. 3 is attributed to photons from the argon plasma [32] . To confirm the origin of damages, effect of VUV photons from the plasma was investigated by covering the sample surface with a quartz window in the plasma exposure experiment. Figure 4 shows the fluorescence spectra of the amorphous perfluorocarbon films exposed to argon plasma with no cover (i) and with a synthetic quartz window (ii). The fluorescence spectrum of the sample exposed directly to the plasma showed a single broad peak ranging from approximately 500 to 700 nm, while no clear fluorescence peaks were detected from the sample prepared with a synthetic quartz window. Although emission spectrum of low-pressure argon plasma contains many peaks that are dominated by atomic Ar lines in the blue light region (due to 4s-5p transitions) and in the red/near-infrared spectral region (due to 4s-4p transitions) [33, 34] , few emission lines are emitted in UV and VUV region; resonance lines at 104.8 nm (ArI, 1s 0 -1s 2 ) and 106.7 nm (ArI, 1s 0 -1s 4 ) [10, 11, 14, 16, [34] [35] [36] . Photon energies of these VUV emission lines are high enough (11.8 and 11.6 eV) to cause breakage of C-C, C-O and C-F bonds in the perfluorocarbon polymer, whose bond energies are 3.60, 3.64 and 4.57 eV, respectively [37] . In most cases, the bond breakage is followed by cross-linking and/or recombination between dangling bonds and radicals [38] . It is difficult to identify the structures of resulting damaged molecules from the fluorescence spectra, but we assume some rigid-structured fluorophores having -conjugated systems may have formed as often seen in the fluorescent molecules that absorb visible light [39, 40] . In addition, the broad fluorescence peak is considered to reflect the broad heterogeneity of their chemical structures and consequent electronic energy states. Furthermore, to check the influence of small contamination of other elements from the apparatus or atmosphere in our experiment, we also conducted control experiments where amorphous perfluorocarbon films were exposed directly to oxygen and nitrogen plasmas generated using the same plasma apparatus. Since we did not observe any fluorescent damages in these experiments, we concluded that the VUV light responsible for the damage production is emitted from Ar and not from contaminant species. Finally, we attempted the depth profiling of plasma-induced damage using TIRFM. The spatial distribution of UV damage induced during plasma processing is important since it has a large effect on the property degradation and reliability problem in microdevice fabrication. As shown in Fig. 5(a) , TIRFM images were systematically obtained from the sample films with different thicknesses. By evaluating the fluorescence intensity of these images, the relative density of UV-induced damage at different distance from the top surface was obtained and is plotted in Fig. 5(b) . The damage density exhibits an exponential decrease with the distance l, which is consistent with the expected exponential decay of the penetrating VUV flux. The decay constant  corresponds to the optical absorption coefficient at the wavelength of which VUV damages the polymer.
Here, we comment on the spatial resolution of the present measurement. In the illumination setup of TIRFM, fluorescence is locally excited near the glass/polymer interface because the evanescent wave decays exponentially in the vertical direction with decay constant d expressed by Eq. (1). (1) Here, n is the refractive index of glass or amorphous perfluorocarbon (n glass =1.52, 
Conclusion
The optical detection of UV-induced damage deep in the bulk of amorphous perfluorocarbon was studied using TIRFM. After the exposure to low-pressure argon plasma, the fluorescence from the damaged polymer increased linearly with the plasma exposure time until the concentration quenching effect occurred. Using the fluorescence intensity as a measure of the amount of damage, the depth profile of UV-induced damage in the polymer film was obtained. It is a useful approach for studying UV-induced damage during plasma processes. Although low autofluorescence of the material is a necessary condition for the practical use of the present method, it can be applied to various transparent materials in principle, and is a useful approach for studying UV-induced damage during plasma processes. Moreover, it is expected that the knowledge obtained in this study is potentially applicable to the in situ monitoring of VUV emission during plasma processes.
